Abstract: Net ecosystem productivity (NEP) during August 2003 was measured by using eddy covariance above 17 forest and 3 peatland sites along an east-west continental-scale transect in Canada. Measured sites included recently disturbed stands, young forest stands, intermediate-aged conifer stands, mature deciduous stands, mature conifer stands, fens, and an open shrub bog. Diurnal courses of NEP showed strong coherence within the different ecosystem categories. Recently disturbed sites showed the weakest diurnal cycle; and intermediate-aged conifers, the strongest. The western treed fen had a more pronounced diurnal pattern than the eastern shrub bog or the Saskatchewan patterned fen. All but three sites were clearly afternoon C sinks. Ecosystem respiration was highest for the young fire sites. The intermediate-aged conifer sites had the highest maximum NEP (NEP max ) and gross ecosystem productivity (GEP max ), attaining rates that would be consistent with the presence of a strong terrestrial C sink in regions where these types of forest are common. These results support the idea that large-scale C cycle modeling activities would benefit from information on the age-class distribution and disturbance types within larger grid cells. Light use efficiency followed a pattern similar to that of NEP max and GEP max . Four of the five recently disturbed sites and all three of the peatland sites had low water use efficiencies. 
Introduction
Over the past 150 years, human activity has significantly altered the global carbon (C) cycle. This has been clearly manifested in the persistent and rapid rise in the level of greenhouse gases in the atmosphere (IPCC 2001) . The two primary factors responsible for modifying the terrestrial C cycle are (i) extraction and emission of C from long-term stores of fossil fuels and (ii) changes in land cover and land use (Sarmiento and Gruber 2002) . Increases in carbon dioxide (CO 2 ) and other greenhouse gases in the atmosphere have altered atmospheric C fluxes to both the oceans and the terrestrial biosphere (Battle et al. 2000; Bousquet et al. 2000; Rödenbeck et al. 2003) . The potential importance of the biosphere to greenhouse warming is highlighted by the fact that annual fluxes from terrestrial ecosystems are more than an order of magnitude greater than fossil fuel emissions. Thus, it is important to understand the factors controlling the exchange of C between terrestrial ecosystems and the atmosphere, particularly at a continental scale. A major difficulty in determining the role of the biosphere in the global C cycle is the high degree of spatial heterogeneity in the sinks and sources and the extent to which humans have modified and continue to modify the landscape (Houghton 2003) .
Eddy covariance (EC) flux towers permit the measurement of the turbulent fluxes of CO 2 , water vapor, and energy between an ecosystem and the atmosphere. The measurements are typically obtained for spatial scales ranging from several hundred square metres up to a square kilometre (Schuepp et al. 1990 ) and are usually calculated for 30 min intervals (Baldocchi 1997 (Baldocchi , 2003 . This methodology is the only means currently available for continuous, year-long, long-term measurements of ecosystem-level fluxes. Networks of such towers have been established in many of the major regions of the world, such as North America (Canada and the United States), Europe, Asia, and Oceania. These networks are a key component of global C cycle research and monitoring programs (Running et al. 1999; Global Carbon Project 2003) .
The Fluxnet-Canada Research Network (FCRN) was established in 2002 to examine how management practices, natural disturbance, and climate variability influence C cycling in forest and peatland ecosystems in Canada. FCRN added a number of new flux sites to supplement those that had been previously installed so as to establish an east-west continental transect across the commercial forest zone of Canada (Fig. 1) . The Canadian forest sector, including both forests and peatlands, covers more than 4 × 10 6 km 2 and accounts for more than 40% of the country's land surface (Kurz and Apps 1999) . Several models have suggested that there has been a significant reduction in the C sink strength of Canadian forests since 1980 as a result of increased fire frequency (Kurz and Apps 1999; Chen et al. 2000) . A major objective of FCRN is to provide the site-level process measurements and analyses needed to understand what might be expected as the age-class structure of Canadian forests changes over the coming decades under a potentially changing climate.
By late summer of 2003, flux measurements at most of our new sites had begun. The availability of an initial data set of 30 min net ecosystem productivity (NEP) measurements for 20 sites across the transect for August 2003 allowed us to examine some of the basic characteristics of the diurnal courses and maximum midday C sink or source strengths of forest and peatland ecosystems in Canada. The month of August is of interest because it includes the transition from mid-to late-summer conditions for many regions of Canada and is a period when significant water stress often occurs in the western portion of the country. In the current article, we compare average August diurnal courses of NEP for the mature, intermediate-aged, young, and recently disturbed stands being measured, as well as for a western minerotrophic treed fen, an eastern ombrotrophic shrub bog, and a southern patterned fen. We use light response curves to analyze maximum NEP (NEP max ), maximum gross ecosystem productivity (GEP max ), ecosystem respiration, light use efficiency, and water use efficiency (WUE) to determine if there is a general pattern with age since disturbance for the forest sites. We recognize that the transect data set is limited to 1 month during the growing season and that the effects of stand age can be confounded with phenological differences among sites across the transect and that this can have a significant impact on intersite comparisons of annual C accumulation. However, the advantage of assembling such a diverse data set is that it can test whether the strength of the signal coming from time since disturbance at a continental scale is strong enough to overcome all of the possible confounding effects.
Materials and methods

Study sites
FCRN is composed of five main forest flux stations along a continental-wide transect stretching from Vancouver Island, British Columbia, to central New Brunswick in Canada (Tables 1 and 2 , Fig. 1 ). Each forest flux station contains a cluster of flux towers having a minimum of one long-term tower in an undisturbed forest and one other tower that measures a forest disturbance scenario, such as harvest or fire (Tables 1 and 2 ). Two associated forest stations also participated in the current analysis (Fig. 1) . The associated stations are externally funded, and although they are not obliged to follow all network measurement protocols, they contribute data for overall network analyses, such as that described here. FCRN has two peatland stations where a long-term tower is supplemented by a second tower that samples the spatial variability of fluxes among peatland ecosystems in a given region. Only the two long-term peatland towers at these stations are included in the present analysis. There is also a patterned fen that is part of the Saskatchewan (Boreal Ecosystem Research and Monitoring Sites program) Flux Station included in the present analysis.
The flux sites included in this study are described in Table 1. The sites fall into five of the seven major terrestrial ecozones in southern Canada (Pacific Maritime, Boreal Plains, Boreal Shield, Atlantic Maritime, and Mixedwood Plains) (NRCan 2003) . The sites include five recently disturbed stands, three young stands, three intermediate-aged conifer stands, two mature deciduous stands, four mature conifer stands, and three peatland sites (Table 1) . Canopy heights ranged from <0.1 to 33 m. Because the current analyses are an initial look at fluxes for a single month early in the life of our research network, we do not yet have data available for several key ecological variables, such as leaf area index and net primary productivity (NPP), for all sites. These data will be reported in subsequent manuscripts, as will the annual and multiannual fluxes.
Measurement standardization, data processing, and data archiving
Within the constraints of the existing equipment operating at the beginning of network activities, FCRN was designed to maximize standardization of (i) equipment; (ii) protocols for flux, meteorological, and ecological measurements; (iii) processing of high-frequency flux data; and when applicable, (iii) gap-filling algorithms for CO 2 , heat, and water vapor fluxes. The basic configuration of the measurement systems for the different sites as they operated in August 2003 is described in Table 2 .
The FCRN data information system provides a Web-based, easily accessible database that is available initially to network members and eventually to the scientific community at large (http://fluxnet.ccrp.ec.gc.ca). FCRN has also established a fair-use data policy (see Data policy section at http://www. Fluxnet-Canada.ca).
Flux measurements
The above-canopy CO 2 flux (F c ) and H 2 O flux were measured near the top of each tower by using the EC method. Wind speeds were measured with a three-dimensional sonic anemometer, and CO 2 and H 2 O concentrations were measured with either a closed-path or an open-path infrared gas analyzer (IRGA) ( Table 2) .
The net CO 2 and water vapor fluxes were obtained by calculating the mean covariance between the vertical wind speed and either the CO 2 or the H 2 O mixing ratio for closed-path IRGAs or the CO 2 or H 2 O density for open-path IRGAs for 30 min periods. When possible, CO 2 and H 2 O high-frequency density fluxes were converted to mixing ratios before covariances were calculated. Otherwise, fluxes calculated us- ing CO 2 and H 2 O densities were corrected for heat and water vapor fluctuations (Webb et al. 1980) . For the main network sites, the closed-path IRGAs (LI-6262 or LI-7000) were enclosed in a temperature-controlled housing (TCH), permitting year-round operation. Air sampled within 30 cm of the sonic array was drawn down a heated tube 4 m long and through the IRGA at 10-20 L·min -1 . Open-path IRGAs were mounted within 30 cm of the sonic array. The wind vectors and associated covariances were mathematically rotated following the method described by Tanner and Thurtell (1969) .
In this article, net C flux is presented as NEP in µmol CO 2 ·m -2 ·s -1 . The values for NEP are equal to the negative value of net ecosystem exchange (NEE) if losses of dissolved C are a negligible component of the overall budget at the time scale of the measurement, a reasonable assumption for our forest sites in August, but perhaps less so for our peatlands. The value for NEP is positive when the land surface is a C sink, whereas the value for NEE is positive when the land surface is a C source. We calculated NEE as F c + ∆S/∆t, where F c is the above-canopy flux; and ∆S/∆t is the CO 2 storage flux in the air column beneath the EC sensors, calculated as the difference between the subsequent and the previous half-hour periods ). Values for CO 2 storage fluxes were calculated for all intermediateaged stands and mature forested sites where data were available and for all fire sites, as well as for peatland sites WP and EP. With the exception of site EOBS, CO 2 storage fluxes were calculated using above-canopy CO 2 measurements made by the EC system. The CO 2 storage flux for site EOBS was calculated using integrated storage fluxes from a five-level CO 2 profile measurement system. There were no storage data available for sites OMW and IBF. Storage fluxes were not calculated for the recently harvested sites or for site SFEN because of the short stature and sparse cover of the vegetation on these sites (see Table 1 ), the influence of CO 2 storage on the net flux being negligible for open and for shorter canopies. Site OMW was missing approximately 9 days of flux during the month, and site IBF did not have fluxes for the first 10 days of the month (see Table 2 ).
Air temperature and photosynthetically active radiation flux
Air temperature and photosynthetically active radiation (PAR) flux (Q i ) were measured at the height of the flux measurements. Monthly averages, including average diurnal courses, were calculated. Measurements of Q i were taken either by an LI-189 or LI-190 quantum sensor (LI-COR Inc., Lincoln, Nebraska) or by a BF-2 or BF-3 sunshine sensor (Delta-T Instruments, Cambridge, UK).
Diurnal courses of NEP
Nighttime data (Q i < 5 µmol·m -2 ·s -1 ) with low friction velocities (u * ) were removed so that unbiased estimates of NEP could be obtained (Goulden et al. 1996) . The u * thresholds were site specific and ranged from 0.1 to 0.3 m·s -1 (Table 2). Data points left after the removal of low friction velocities covered a wide range of dates in the month of August, and there were no long, continuous gaps. The average diurnal course of NEP for the month of August was calculated using each half-hour period, providing a total of 48 points for the month. Data were not gap-filled, as this procedure requires a longer time series than was available for this initial analysis.
Light response curves to derive maximum NEP and GEP
Light response curves were fit to NEP data when Q i was >0 µmol·m -2 ·s -1 and u * exceeded threshold site friction velocity. Outliers were removed when they were greater than three standard deviations from the mean at a given level of PAR. Outliers involved <1% of the data points. The Landsberg equation (Landsberg 1977; Chen et al. 2002a) was used for fitting the light response curves:
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where NEP max is the asymptote of the light response curve; α is the quantum efficiency parameter (mol CO 2 ·(mol PAR) -1 ); Q i is the incident photosynthetic photon flux density (µmol PAR·m -2 ·s -1 ); and Γ is the light compensation point (µmol PAR·m -2 ·s -1 ). Estimates of NEP max , α, and Γ were derived for individual sites, with the exception of site HJP02, and for combinations of sites (ecosystem age categories) by using nonlinear regression with MATLAB 6.5 (MathWorks Inc., Natick, Massachusetts). This procedure also calculates the 95% confidence intervals for the parameter estimates. In this article, we examine primarily the NEP max parameter.
As described in Griffis et al. (2003) , the average total ecosystem respiration (R eco ) for the month was estimated from the y intercept of the light response curve that had been fit for each site; that is,
This R eco value represents the respiration for the average daytime temperature conditions present on a given site. Griffis et al. (2003) showed that conducting the calculation for different ranges of air temperature had only a small effect on the estimate. The time series of data for many of our sites was too limited to permit a calculation of daytime respiration from the temperature versus nighttime flux relationship that is often used in longer term studies (Falge et al. 2001 ).
The NEP-Q i relationship described by the Landsberg equation did not hold for site HJP02 data, as the NEP values rarely surpassed zero at high-Q i conditions. Consequently, NEP max and R eco for site HJP02 were estimated by calculating the mean C flux where PAR is greater than 1500 and less than 25 µmol·m -2 ·s -1 , respectively. The GEP max for the month was calculated from R eco and NEP max :
Light use efficiency
The average light use efficiency (ε) for the month of August, with respect to incident PAR flux, was calculated as follows: ) is the mean total daytime net radiation for August, which was calculated from the mean diurnal pattern of net radiation (J·m . EF was not calculated for HJP02 and SFEN because R n-day was not available.
Results
Air temperature and PAR flux
Air temperature varied between regions across the transect. Mean daily maximum temperature ranged from 26.5°C at site SFEN in Saskatchewan to 20.9°C at site OMW in Ontario (Table 3) . Similarly, mean daily minimum temperatures ranged from 16.2°C at site WPP in Ontario to 7.8°C at site WP in Alberta. Mean daily maximum Q i ranged from 933 µmol·m -2 ·s -1 at site WPP to 507 µmol·m -2 ·s -1 at site HBS00 in Quebec (Table 3) .
Diurnal cycles of NEP
The average diurnal courses of NEP for August 2003 showed strong coherence within each of the six categories of ecosystems (Fig. 2) . All the recently disturbed (≤9 years) forest ecosystems, as well as the open shrub bog (site EP) and the patterned fen (site SFEN), showed, at most, only weak diurnal cycles (Figs. 2a and 2f) . The recently disturbed black spruce site (HBS00) and the recent fire site (F98) were small afternoon sinks, whereas the other recently disturbed sites were either C neutral or sources of C in the afternoon (Fig. 2a) . Site HDF00, in British Columbia, showed a more negative NEP between midnight and early morning than the other recently disturbed sites (Fig. 2a) .
The diurnal cycle for the young conifer stands (14-26 years old) (Fig. 2b ) was more pronounced and was similar to that observed for the two mature deciduous sites (74-84 years old) (Fig. 2d) . The intermediate-aged conifer stands (35-60 years old) had the most pronounced diurnal cycle (Fig. 2c) . Site IBF in New Brunswick was a greater sink for CO 2 during the afternoon than sites IDF and WPP in British Columbia and southern Ontario, respectively (Fig. 2c) . The four mature conifer stands (88-167 years old) (Fig. 2e) had NEP values similar to the treed fen (site WP) in Alberta (Fig. 2f) . Site WP had a more pronounced diurnal pattern than either the open shrub bog (site EP) or the patterned fen (site SFEN) (Fig. 2f) .
Maximum NEP, maximum GEP, and ecosystem respiration
The values of NEP max , GEP max , and R eco derived from fitting site-level light response curves (Table 4) showed clear patterns with respect to age since disturbance (or age since planting in the case of site WPP) (Fig. 3) . The intermediateaged conifer and mature deciduous stands generally had the highest NEP max and GEP max values (Figs. 3a and 3b) , with site IBF in New Brunswick showing the strongest maximum sink. The two older fire sites (F89 and F77) had high GEP max values, although their NEP max values were generally closer to those of the recently disturbed sites. The four recently harvested stands (sites HJP02, HBS00, HDF00, and HJP94) had the lowest GEP max and NEP max .
Values of R eco (Fig. 3c) generally followed the same pattern with age as NEP max and GEP max , except that sites F77 and F89 had the highest R eco and intermediate-aged conifer site IBF had a lower R eco than intermediate-aged conifer sites IDF and WPP (Fig. 3c) .
The treed fen (site WP) in Alberta had GEP max , NEP max , and R eco values similar to those of the mature conifer stands, whereas the values for the shrub bog (site EP) in Ontario and for the patterned fen (site SFEN) in Saskatchewan were similar to those for the recently disturbed stands. Among the three peatland sites, the NEP max , GEP max , and R eco values were higher for site WP than for site EP or site SFEN (Fig. 3) .
Light response functions for ecosystem categories
Light response curves fit to each of the six ecosystem categories showed that NEP max was highest for the intermediate-aged conifer stands (16.3 µmol·m -2 ·s -1 ) and mature deciduous stands (10.2 µmol·m -2 ·s -1 ) and lowest for the young and recently disturbed sites (Fig. 4) . The goodness of fit for these light response curves was also greatly affected by age since disturbance and by ecosystem type. Curves fit to data from recently disturbed sites, young stands, and peatland sites had lower R 2 values (0.27, 0.40, and 0.35, respectively), whereas those fit to data from the other ecosystem types had R 2 values of 0.54 or higher.
Light use efficiency
Light use efficiencies (ε) based on incident PAR (Fig. 5a ) for each forested and peatland site showed the same general pattern as those for NEP max and GEP max , an increase up to around 60 years after disturbance, followed by a decrease. However, ε values for the two Quebec sites (HBS00 and EOBS), where Q i levels were low in August, were higher than for the other sites in their respective ecosystem category. This was not the case for NEP max or GEP max .
Water use efficiency index, daytime water flux, and evaporative fraction
Intermediate-aged conifer site IDF in British Columbia had by far the highest WUE (24.2 g CO 2 ·kg -1 H 2 O) of any of the sites, and recently harvested site HJP02 in Saskatchewan had the lowest (0.2 g·kg -1 , Fig. 5b ). Of the recently disturbed sites, HDF00 had the highest WUE, at 12.9 g·kg -1 ; HJP02 had the lowest; and the other three sites had intermediate values ranging from 4.3 to 6.6 g·kg -1 . The WUE values for the young stands ranged from 9.0 to 14.4 g·kg -1 and were similar to those for intermediate-aged conifer sites IBF and WPP. The mature deciduous and conifer stands had WUEs that ranged from 4.6 to 10.5 g·kg -1 , site OA having the lowest and site OMW the highest (Fig. 5b) . Of the peatland sites, WP had a WUE approximately twice as high as the WUEs of the other two peatland sites.
Values for water flux (E day ) and the evaporative fraction (EF) followed the same pattern (Fig. 6) . With the exception of site F98, the recently disturbed sites in the western part of Canada had relatively low E day and EF values within their respective ecosystem categories; the recently disturbed site in eastern Canada (HBS00) had relatively high values (Fig. 6) . As well, all three Douglas-fir sites in British Columbia (HDF00, DF88, IDF) had low E day and EF values. The fire sites, intermediate-aged conifer sites IBF and WPP, and mature mixedwood site OMW had the highest E day and EF values, and these values were similar to those for the peatland sites.
Discussion
Importance of seral stage
The relative consistency of the mean August diurnal courses of NEP for August 2003 within each of the ecosystem categories and the degree to which the apparent variability in fluxes was associated with age since disturbance are two striking results from the current analysis (see Figs. 2 and 3) . These results provide additional evidence of the importance of seral stage and disturbance history on C cycling dynamics in Canada at a continental scale. The national C budget of the Canadian forest sector is strongly influenced by disturbance regimes that are dominated by wildfire, insect infestations, and forest harvest. A modeling analysis based on historical inventory data by Kurz and Apps (1999) concluded that age-class structure controlled the C dynamics in the Canadian forest sector from 1920 to 1979, resulting in increased C sequestration. Subsequently (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) , C sequestration decreased as a result of increased fire and insect disturbance and decreased average age. A similar analysis by Chen et al. (2000) also highlighted the importance of disturbance history, although they pointed out that an inventory-based analysis assumes constant growth and yield relationships over the period of the analysis.
Our data show that midsummer GEP max and NEP max scale to each other across the range of sites and ages such that the general patterns for both variables with age since disturbance are similar (Fig. 3) . Although species composition, location, and climate for our sites varied along the transect, the results do suggest a general pattern with age. The NPP and NEP measured at boreal forest sites have been reported as increasing (from a net source) until stands reached an age of about 20-120 years and then slowly decreasing thereafter (Wirth et al. 2002; Litvak et al. 2003; Bond-Lamberty et al. 2004; Howard et al. 2004; Pregitzer and Euskirchen 2004; Martin et al. 2005) . The rates of increase in these variables over the initial decades likely reflect a combination of the rates of crown closure, the rates of decomposition of the organic legacy left by the disturbance, and changes in species composition.
It is important to note that the current transect data represent only a single month during the growing season and that differences in phenology between sites along the transect could result in large differences in annual C accumulation or loss among sites, irrespective of the stage of successional development. In the present paper, we have concentrated on data for August and on parameters that can be readily calcu- Table 3 . Mean daily air temperature, mean daily maximum and minimum air temperatures, mean daily total photosynthetic photon flux density, mean daily maximum photosynthetic photon flux density, and rainfall for all sites for the month of August.
lated from a single month of flux data. Our more continuous gap-filled data sets for Saskatchewan show that August is a period when both young stands (sites F98, F89, HJP94) and mature conifer forests (sites OJP, SOBS) can have negative NEP values for the full month (Amiro et al. 2006 ). In contrast, the mature deciduous stand (site OA) remains a C sink throughout the summer. At one intermediate-aged stand (site IDF), depending on the year, August can be either a net source or a sink later times in the growing season, or for other years. Furthermore, 2003 was a year of significant drought in western Canada (Barr et al. 2004; Hogg et al. 2005) . Fan et al. (1998) used atmospheric inversion to estimate a North American terrestrial C sink of 1.7 ± 0.5 Pg C·year -1 for 1988-1992 that was largely located in eastern North America, south of latitude 51°N. Other studies have subsequently estimated a smaller North American sink, but they all still suggest that the eastern portion of the continent is an active C sink (Pacala et al. 2001; Gurney et al. 2002) . A strong C sink in eastern North America is consistent with the high midsummer NEP rates that we measured for our intermediate-aged forests in eastern Canada. The annual C balance for the sites on our transect will shed more light on this issue.
The similarity in the patterns of the light response functions for a given ecosystem type (see Fig. 4 ) reinforces the idea that understanding and quantifying the disturbance history at local, regional, and continental scales is key to quantifying the terrestrial C budget and its sensitivity to climate change (e.g., Foster and Aber 2004; Wofsy 2004) . At regional and continental scales, remote sensing techniques could play a major role in furthering our understanding. Recent increases in computing power and the capacity for large-scale processing of Landsat data offer the near-term potential for continental-level disturbance mapping (Masek et al. 2001; Cihlar et al. 2003; Cohen and Goward 2004) . This approach needs to be integrated with forest inventory analysis to account for disturbance at longer time scales. Given the apparently important role of age since disturbance on the midsummer sink strength of forest ecosystems in Canada, we suggest that large-scale C cycle modeling activities would benefit significantly from information on the fractional age-class distributions within larger grid cells (see also Litvak et al. 2003) .
Carbon flux and NPP
The NEP over a given period is the relatively small difference between the gain of C by an ecosystem through NPP and the loss through heterotrophic respiration and disturbance (Chen et al. 2000) . Chen et al. (2002b) , Bond-Lamberty et al. (2004) , Howard et al. (2004) , and Martin et al. (2005) reported NPP versus age relationships for black spruce, jack pine, and mixedwood chronosequences in Canada that were similar to the relationship we found between age and both Can. J. For. Res. Vol. 36, 2006 NEP max and GEP max in the current study. This supports the idea that the successional states having the highest productivity also have higher short-term rates of C sequestration, although we caution that the fluxes that we report here are only for a single month. Thompson et al. (1996) concluded that the long-term maintenance of a terrestrial C sink requires that NPP continue to increase so that heterotrophic respiration is never able to equilibrate with the increased litterfall resulting from the initial increase in NPP. positive rate of increase in NPP and NEP over a period of several decades.
The apparent decreases in late-summer GEP max , R eco , and NEP max values measured in mature stands compared to those measured in intermediate-aged stands follow an age-related decrease in productivity that has been reflected in standard forestry yield tables for centuries (Gower et al. 1996) . However, our intermediate-aged stands are plantations that were generated following harvesting, whereas the mature conifer stands were fire generated. This complicates some of the relationships, but it is typical of the mosaic of the southern Canadian forest, where harvesting has had considerable influence over the past five decades. Ryan et al. (1997) gave several possible reasons for decreased gross primary productivity (GPP) and NPP with stand development. Decreased leaf area due to tree mortality, Can. J. For. Res. Vol. 36, 2006 Recently Disturbed Stands increasing hydrological constraints with increasing branch length, changes in C allocation to growth and respiration, and decreases in nutrient supply have all been suggested as possibilities. Indeed, multiple factors may be active on a single site at a given stage of development. An experimental test with Eucalytpus plantations in Hawaii indicated that GPP declined with stand age, whereas the belowground allocation of GPP and the fraction partitioned to foliar respiration increased (Ryan et al. 2004) . Unraveling the mechanistic reasons for trends in GEP max , R eco , and NEP max will be a key topic to be addressed as additional ecological data become available to the network.
Fire versus harvest
The current study examines both fire and harvest as agents of stand renewal. Over the past few decades, 2 × 10 6 to 3 × 10 6 ha of forest has burned annually (Stocks et al. 2002) , whereas about 1 × 10 6 ha·year -1 has been harvested (CCFM 1997) . Fire releases large amounts of C to the atmosphere during direct combustion, averaging about 27 Tg C·year -1 in Canada over the past four decades (Amiro et al. 2001) . In contrast, harvest removes wood products that are used in a variety of ways. Some differences between fire and harvesting may be related to site factors, such as soil type and hydrology. However, fire and harvest are also fundamentally different because fire removes the fine organic material during combustion, leaving the coarse material, whereas harvesting does exactly the opposite. Fire sites F89 and F77 had much higher respiration rates than the harvested sites (see Fig. 3c ), most likely because decaying coarse woody debris left after the fires contributed large amounts of heterotrophic respiration. It is logical to hypothesize that harvested sites would reach their highest NEP of the successional sequence sooner than naturally disturbed sites because harvesting removes the coarse woody debris that would otherwise provide a long-lasting source of heterotrophic CO 2 . Another important difference between fire and harvest as disturbance agents is that the successional trajectory and species are often different following fire. For most of our harvested sites, regeneration was controlled through mono- specific planting. Our fire sites, on the other hand, were naturally regenerated and have greater species diversity because of aspen sprouting and the release of serotinous seeds of jack pine and black spruce. The presence of both coniferous and deciduous species on the fire sites is the likely reason for the NEP being higher there than on the younger harvested conifer sites (see Figs. 2 and 3 ). The strength of our measurements of young postfire and postharvest forests is that we are bracketing the range of fluxes that are possible across the continent. Interestingly, despite different environments and species assemblages, time since disturbance explains a good portion of the observed differences in NEP.
Light Use Efficiency
Peatlands
Although peatlands occupy considerably less area than forests, the peatland C pool is usually many times greater than the forest C pool, and this is one reason that peatlands are an important element of our network. The results presented here indicate that C exchange varied between the peatland sites, with the largest fluxes (day and night) found at fen site WP (Figs. 2 and 3) . This difference may be climate related (the western site was cooler than sites EP and SFEN in August 2003), or it may be the result of differences in vegetation. The low fluxes measured for site SFEN seem to reflect the effects of drought on GEP, but the influence of R eco was less clear (Fig. 3) .
Sites WP, EP, and SFEN vary in a number of respects that could have influenced NEP during August 2003. First, site EP is a bog with water and nutrient inputs to the ecosystem coming from precipitation, and site WP is a fen that receives additional inputs of nutrients from groundwater inflow (Vitt et al. 1995) . Site SFEN, on the other hand, is a patterned fen -2 ·day -1 ) and (b) evaporative fraction, calculated when the mean Q i for a given 30 min period was greater than 5 µmol·m -2 ·s -1 , for individual forest sites versus age since disturbance (or planting) and for peatland sites (far right). EF was not calculated for HJP02 and SFEN because R n-day was not available.
characterized by alternating strings of higher, drier areas and lower, wetter areas, both of which are oriented perpendicular to the hydrologic flow (Suyker et al. 1997) . The water table is higher at site WP than at site EP. The differences in depth to water table can affect a number of ecological processes, including photosynthesis, respiration, and decomposition, which will be reflected in the C exchange measured by EC (Joiner et al. 1999; Lafleur et al. 2003) . As well, it appears that there are significant differences in the amount of live aboveground biomass between sites, and this can have a significant effect on GEP and R eco in peatlands.
Ecosystem-level resource use efficiency
Patterns of light use efficiency (ε) based on incident PAR versus age since disturbance (see Fig. 5 ) were similar to the patterns for NEP max , GEP max , and R eco (see Fig. 3 ), although, as was the case for R eco , values of ε for sites F77 and F89 tended to be higher. When the fraction of absorbed PAR (fPAR) product based on 5 km × 5 km moderate resolution imaging spectroradiometer (MODIS) reflectances was used to calculate ε on the basis of absorbed PAR and GEP max , the same general pattern of ε with age occurred (data not shown). Light use efficiency is a critical parameter in many of the large-scale, bottom-up C cycle models that use remote sensing inputs (e.g., Heinsch et al. 2003; Running et al. 2004) . Its maximum value is currently set for a biome and then modulated downward as a function of environmental stress. The maximum ε values used in the MODIS algorithm for GPP for forests range between 0.021 and 0.026 mol CO 2 ·(mol absorbed PAR) -1 (Heinsch et al. 2003) . These values are consistent with our upper levels of ε based on incident PAR (Fig. 5) . Martel et al. (2005) and Turner et al. (2003) have shown that site-specific values of ε determined from flux tower measurements in boreal forests can differ significantly from those calculated from the MODIS algorithm for GPP. Varying the maximum ε values as a function of seral stage could add greater precision to these types of C cycle models.
Our WUE index (GEP day /LE day ) does not differentiate between evaporation and transpiration and thus it is not the equivalent of WUE as it is commonly used in physiological studies. Nevertheless, it does give a good indication of the ratio of C absorption by an ecosystem to its water flux to the atmosphere. Results indicated that recently disturbed forests tended to have lower WUE than other forests, except in the case of site HDF00 (Fig. 5b) . In general, the Douglas-fir sites had higher WUE and lower LE day values than the other sites in their respective ecosystem categories. This was likely due to the strong drought that habitually occurs during August in this region of Canada. Similarly, the low WUE at site OA relative to the values at the other mature deciduous and conifer sites (Fig. 5b) was likely related to the strongly reduced canopy conductance, photosynthesis, and productivity at site OA in 2003, the third consecutive year of abnormally low rainfall (Barr et al. 2004; Hogg et al. 2005) . The low E day and EF values at conifer-dominated, recently disturbed sites in western Canada (see Fig. 6 ) indicate the potential for significant feedback of disturbance on water flux to the planetary boundary layer, with consequent effects on cloud dynamics (Betts 2004) . The E day and EF values remained high on sites HBS00 and F98, and this could indicate that disturbance-driven atmospheric feedback may not occur in more humid eastern Canada or for sites where there is a significant hardwood component in the regenerating tree species.
Conclusion
Across the east-west continental transect of the FCRN, diurnal courses of NEP for August 2003 showed strong coherence within the different ecosystem categories. Recently disturbed sites showed the weakest diurnal cycle; sites with intermediate-aged conifers, the strongest. The western treed fen had a more pronounced diurnal pattern than the eastern shrub bog or the Saskatchewan patterned fen. All but 3 of the 20 sites were clearly afternoon C sinks. Ecosystem respiration was highest for the young fire sites, followed by the intermediate-aged conifer and mature deciduous sites. The intermediate-aged conifer sites had the highest NEP max and GEP max , attaining rates that would be consistent with the presence of a strong terrestrial C sink in these regions. Our results support the idea that large-scale C cycle modeling activities would benefit from information on the age-class distribution within larger grid cells.
Ecosystem light use efficiency (ε) followed a pattern similar to those for NEP max and GEP max , with the intermediateaged balsam fir having the highest values. Varying the biome-level ε values as a function of seral stage could add greater precision to the regional and global C cycle models that are based on light use efficiency. The low E day and EF values for the conifer-dominated, recently disturbed sites in western Canada indicate the potential for significant feedback of disturbance on water flux to the planetary boundary layer, with consequent effects on cloud dynamics. On the other hand, E day and EF values were high on the recently harvested site in eastern Canada and on the mixed coniferhardwood 1998 fire site in Saskatchewan. This suggests that this type of disturbance-driven atmospheric feedback may not occur in more humid regions of Canada or for sites having a significant hardwood component. FCRN provides the site-level process measurements and analyses needed for an understanding of what might be expected as the age-class structure of Canadian forests changes over the coming decades under a potentially changing climate. When these analyses are combined with remote sensing of land surface biophysical properties, forest inventory information, atmospheric trace gas measurements, and ecosystem process models, we can provide defensible estimates of the role of climate and disturbance in the C cycle of Canada.
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